Mitochondria are often referred to as the powerhouse of the cell. However, research linking intraspecific differences in organismal fitness with genotypic mitochondrial DNA (mtDNA) variation has been hampered by the lack of variation in experimentally tractable species. This study examines whether fly lines harbouring three distinct Drosophila simulans mtDNA types (si I, -II and -III) exhibit differential fitness in laboratory perturbation cages. Comparison of the pre-perturbation and post-perturbation data shows that both the mtDNA and mitonuclear interactions have a significant and repeatable effect on the frequency of flies with specific genotypes in population cages (si II Ͼ -III Ͼ -I) and that coadapted mitonuclear interactions are greatest in the si I type. The rank order of mtDNA frequency correlates with the observed worldwide distribution of the haplogroups while mitonuclear interactions are most significant in the siI haplogroup that is likely to have been subject to repeated population bottlenecks. One possible explanation for the maintenance of the least fit si I haplogroup on Pacific islands is that it is protected from extinction by Wolbachia infection.
INTRODUCTION
Mitochondria are controlled by a dual genome system, with cooperation between endogenous mitochondrial genes and mitochondrial genes translocated to the nucleus over the course of evolution. Consider just the electron transport system of the inner membrane of the mitochondria. Only 13 proteins are encoded by the mitochondrial DNA (mtDNA) genome compared with over 100 encoded by the nuclear genome (Attardi & Schatz 1988) . Although the first experiments considering the coevolution of mitochondrial and nuclear genomes were reported more than 30 years ago (Clayton et al. 1971) , and recent evidence suggests that natural selection has shaped human mtDNA variation (Mishmar et al. 2003; RuizPesini et al. 2004) , research has been thwarted by the lack of mtDNA variation in systems amenable to laboratory manipulation. Three taxa that are amenable to such studies are mice (Roubertoux et al. 2003) , copepods (Burton et al. 1999; Rawson & Burton 2003; Willett & Burton 2003) and Drosophila (Fos et al. 1990; Hutter & Rand 1995; Kilpatrick & Rand 1995; Rand et al. 2001) . The human commensal D. simulans is an attractive species for studying mitonuclear interactions because of the high mtDNA diversity (Solignac & Monnerot 1986; BabaAïssa et al. 1988; Ballard 2000) , proposed fitness differences among haplogroups (Nigro 1994; de Stordeur 1997; James & Ballard 2003 ) and the non-random geographical distribution of haplogroups (Montchamp-Moreau et al. 1991; Ballard 2004) . The goals of this study are: (i) to test the organismal fitness of flies harbouring each of the three distinct D. simulans mtDNA haplogroups (si I, -II, and -III) in perturbation cages; and (ii) to link these data with the global abundance and proposed population history of the mitochondrial types.
The three D. simulans mtDNA haplogroups exhibit ca. 3.0% divergence but show less than 0.01% intrahaplogroup variation. Solignac & Monnerot (1986) identified the three haplogroups on the basis of restriction enzyme differences. Baba-Aïssa et al. (1988) then noted fixed interhaplogroup restriction site differences but little or no intrahaplogroup variation. Evidence for reduced levels of sequence variation within siII flies was subsequently observed at ND5 (Rand et al. 1994) and cytochrome b (Ballard & Kreitman 1994) . Ballard (2000) extended previous studies and presented the complete mtDNA sequence, excluding the AϩT-rich region, from 22 isofemale lines. Ballard then compared the mitochondrial variation with intron 1 of the alcohol dehydrogenase-repeated (Adhr) locus and showed that distinct forces were influencing the evolution of mtDNA and autosomal DNA. Subsequent studies showed that the mtDNA substructure is not observed at two additional nuclear loci (Ballard et al. 2002; Dean et al. 2003) .
The α-proteobacteria Wolbachia may cause a reduction in intrahaplogroup mtDNA variation. Four strains of Wolbachia appear to infect D. simulans (Ballard 2004) . Two of these cause high levels of cytoplasmic incompatibility (James & Ballard 2000) . In its simplest form, unidirectional incompatibility is expressed when a sperm from an infected male fertilizes an ovum from an uninfected female, resulting in embryonic death due to abortive karyogamy (Tram & Sullivan 2002) . If the reproductive advantage of Wolbachia-infected females outweighs the cost of infection, theory predicts that the infection frequency will increase once a critical threshold is reached (Caspari & Watson 1959; Turelli & Hoffmann 1995) . Owing to their shared maternal transmission, the mtDNA originally associated with Wolbachia also increases in frequency by genetic hitchhiking. A reduction in mtDNA variation results.
Evidence from microinjection and backcrossing studies suggests that there are fitness differences between the D. simulans haplogroups. de Stordeur (1997) conducted microinjection studies between eggs carrying the mtDNA types and assayed the frequencies of the foreign injected mtDNA. He proposed that haplogroups have unequal fitness after microinjection into a fly line harbouring a different mtDNA type. Although this is a particularly elegant study, a change in the intraorganismal frequency of a mtDNA type does not necessarily equate with a change in organismal fitness. Also, the observed results may be confounded by the disruption of coadapted mitonuclear interactions (Dobzhansky 1936; Muller 1942) . Nigro (1994) employed wild-caught and microinjected lines to show the nuclear background influenced the competitive ability of flies harbouring siII mtDNA in population cages. James & Ballard (2003) controlled the nuclear genome of flies by backcrossing and tested whether mtDNA influenced three life-history traits. The authors observed that flies with the siI haplogroup were fastest developing and had the highest mortality rate. Wild-type males with siIII mtDNA were more active, whereas disruption of specific coadapted mitonuclear interactions caused a significant decrease in activity.
Here, a perturbation cage study is used to test the relative fitness of mtDNA types. A perturbation experiment using laboratory population cages is a standard method to test for fly fitness, where the frequency of each mtDNA type in cages is taken as an indicator of fitness (Arnason 1991; Hutter & Rand 1995) . The rationale is to perturb allele frequencies away from equilibrium frequencies and monitor subsequent changes. Directionality of replicate cages is the criterion that can be used to distinguish between selection and drift. If selection is operating, allele frequencies will change directionally. If variation at the locus is neutral, allele frequencies will change because of drift, but the direction of change will be indeterminate. Owing to autocorrelation of allele frequencies in a single population, a single large change preceded/succeeded by a succession of smaller changes in the same direction will result in directionality of change in that population over the time-span of a few generations. Therefore, changes due to drift can appear directional if viewed in a single population on a short time-scale. Experimentally, therefore, directionality or lack of it can be judged only in replicate populations. Data presented here support the hypothesis that the organismal fitness of flies is influenced by the mtDNA type and by mitonuclear interactions. These data are discussed in terms of the global abundance and proposed population history of the mitochondrial types.
MATERIAL AND METHODS
To control for potential clinal variation the lines included in the study were collected on islands at similar latitude. The siI line (TT01) was collected in Tahiti, the si II (MD106) in Proc. R. Soc. Lond. B (2004) Madagascar and siIII (RU07) in Reunion. The mtDNA genomes of these lines, excluding the AϩT-rich region have been sequenced (Ballard 2000) . The low intrahaplogroup variation suggests that these lines reflect the organismal fitness of each haplogroup. A limitation of the study is that a single haplotype representative of each haplogroup was included.
Before the commencement of the study it was determined that the lines mated at random (Ballard et al. 2002) and no X-linked drivers were present. There was no departure from a 1 : 1 sex ratio in the F 1 or F 2 backcrosses of these lines ( p = 0.51). All lines were tetracycline treated to remove any Wolbachia infections at least five generations before the experiment began (James & Ballard 2000) . All lines were maintained at constant density for two generations before the study began. Throughout the study, cages (22 cm × 21 cm × 36 cm) were maintained at room temperature. In the pre-perturbation phase, three cages received three bottles containing Drosophila food, each seeded with 111 first-instar larvae from fly lines with siI, -II, and -III mtDNA. Thus, the starting frequency was 33% of each mtDNA type. The day after the flies eclosed, three 'new' bottles containing Drosophila food were placed in each cage. On the third day after eclosion, all bottles were emptied of adult flies and cotton was used to stopper each bottle. The bottles were then removed from each cage to allow for larval development. Adult flies were then stored at Ϫ20°C and the cages were cleaned. For the next generation, the three 'new' bottles were then returned to the cage from which they were taken, and the process was repeated.
After 1, 9 and 15 generations, 92 DNA extractions with a negative and three positive controls were completed in a 96-well plate format (Rand 1992) . The frequency of each mtDNA type in each cage at each time-point was determined from a minimum of 80 flies (Dean et al. 2003) . After 15 generations of random mating, it is assumed that the nuclear genomes of these lines are now effectively randomized. It is, however, possible that specific mitonuclear interactions have not been disrupted. If true, the study will be conservative and reflect a minimum change in fly fitness associated with the permutation strategy.
In generation 15, 100 isofemale sub-lines were constructed from each cage. The mtDNA type of each founding female was determined and one sub-line of each haplogroup was randomly selected to re-seed the population cage from which they were isolated (generation 16 of the cage study), as previously described. Post-perturbation, 92 flies were assayed from each cage every second generation.
The selection coefficient, s, was estimated from the slope of the linear regression of ln(haplogroup frequency) against time, t. This method is reasonable for a haploid genome but can give biased estimates of s when frequency estimates approach fixation or loss. Here, frequencies of less than 5% or greater than 95% were excluded from these analyses. ANOVAs tested whether the slope of each mtDNA type differed. All analyses were run in JMP (2001).
RESULTS
Pre-perturbation, the frequencies of siII mtDNA increased in all cages whereas si I mtDNA fell to a frequency of 11% after 15 generations. The si III haplotype maintained its starting frequency (figure 1). Post-perturbation, the si I mtDNA declined to extinction by the 24th generation (i.e. eight generations post-perturbation) in cages 1 and 2. In cage 3, no si I flies were detected in the cages from generations 22-32, but one (out of 93) was detected in generation 34. In cages 1 and 2 si II went to fixation and siIII went to extinction, in the 36th generation (i.e. 20 generations post-perturbation). Post-perturbation, in generations 38-44 in cage 3, si II and si III mtDNA maintained their starting frequency but neither went to fixation, suggesting that a stable equilibrium had been reached. Interestingly, where si II and si III haplogroup flies occur in sympatry, the frequency of si II mtDNA haplogroup flies approaches 60% (James & Ballard 2003; Ballard 2004 ). For statistical analyses, the study was divided into three experimental periods: pre-perturbation and post-perturbation generations 16-22 and 24-44. The pre-and postperturbation selection coefficients support the hypothesis that both the mtDNA type and mitonuclear interactions influenced the frequency of flies in population cages (table  1) . Pre-and post-perturbation, s is negative for the siI mtDNA but the selection coefficient is three times greater post-than pre-perturbation. The rapid post-perturbation extinction of si I mtDNA suggests that specific mitonuclear interactions were disrupted during the pre-perturbation phase of the study. The selection coefficient is positive for si II mtDNA, but is greater post-perturbation during generations 16-22. For si III mtDNA s is positive during the first 22 generations of the study but negative after siI mtDNA has gone to extinction during generations 24-44.
ANOVA shows that the slope of each mtDNA type differed during the pre-perturbation phase of the study (F 2,6 = 9.255, p = 0.015). Post hoc testing shows significant differences between si I and -II ( Denotes that the slope is significantly different from zero (in the cage data this is calculated from the regression, in the mtDNA haplogroup data, a t-test was run to determine if the mean is different from 0). Frequencies of less than 5% or greater than 95%, per cage, were excluded from these analyses. In cages 1 and 2 flies with si I mtDNA go to extinction after 24 generations whereas si III-harbouring flies go to extinction by generation 36. Note that the difference in the estimates of s pre-and post-perturbation suggests mitonuclear interactions have been disrupted. This is dramatic in the si I haplogroup that have not been collected in sympatry with si II or si III flies.
difference in slopes of the distinct mtDNA types (F 2,6 = 14.232, p = 0.005). Again, post hoc testing shows significant differences between si I and siII (F 1,6 = 19.445, p = 0.004), si I and -III (F 1,6 = 23.094, p = 0.002), but not si II and -III (F 1,6 = 0.156, p = 0.706). Post-perturbation from generation 24 to 44, ANOVA shows a significant difference between the si II and -III mtDNA types (F 1,4 = 25.04, p = 0.008). We suggest that these data cannot be explained by genetic drift alone. To estimate the effective population size (N e ), in each cage, the number of females in cages was counted and that value reduced to 75%. Crow & Morton (1955) estimated that the effective population size of Drosophila in cages is at least 75% of the census size. From these calculations, we can apply a conservative estimate of N e to be at least 380.
DISCUSSION
Population cage studies using Drosophila have provided evidence that mtDNA can influence the frequency of flies in cages. In D. pseudoobscura it has been suggested that the apparent 'non-neutral' behaviour of mtDNA types (MacRae & Anderson 1988) is due to mating incompatibility (Singh & Hale 1990 ; but see MacRae & Anderson 1990; Jenkins et al. 1996) . In D. subobscura, frequency shifts of mtDNAs have been observed in population cages (Fos et al. 1990 ), but the cages were not replicated and the lines used had complex chromosomal inversions that may have influenced fly fitness. Hutter & Rand (1995) showed repeatable mtDNA fitness differences between D. pseudoobscura and D. persimilis. A significant increase in the frequency of D. pseudoobscura mtDNA was observed in each of four replicate cages with a D. pseudoobscura nuclear background. In the D. persimilis nuclear background, one cage showed an increase in frequency of D. pseudoobscura mtDNA, although together the four replicate cages show little change in frequency. In D. melanogaster, Kilpatrick & Rand (1995) found that the dynamics of mtDNA depended on the nuclear genetic context and, in the populations tested, selection acted on mtDNA through fitness variations in nuclear genes. Data presented here support the hypothesis that fitness differences exist between the D. simulans haplogroups (si II Ͼ -III Ͼ -I). This rank order of fitness correlates with the observed worldwide geographical distribution of the haplogroups in nature.
Ballard (2004) The differential fitness of flies in perturbation cages, the geographical structure observed in the mtDNA (Ballard 2004 ) and the lack of detectable subdivision in three nuclear loci tested (Ballard 2000; Ballard et al. 2002; Dean et al. 2003) , suggest that strong selection has acted on the mitochondrial genome. A mtDNA mutation may be positively selected if it causes a net increase in the fitness of the molecule in a specific local environment. Thus, if there is no recombination, the selective fixation of any mutation in the mtDNA will lead to the concomitant fixation of all variants in that genome by a process of genetic hitchhiking (Kaplan et al. 1989 ). The quest is to determine which of the linked changes is responsible for the differential fitness of the mtDNA types. One possibility is to use biochemical approaches to study the efficiency of each complex in the electron transport chain. Such studies could then be linked with modelling studies to identify functionally important changes. An alternative hypothesis is that the observed subdivision is related to Wolbachia or a complex host-symbiont interaction. This alternative hypothesis has been rejected for flies harbouring si III mtDNA (Ballard 2004 ). However, Wolbachia may influence the distribution of si I and -II flies on Pacific islands.
Flies with siI mtDNA are allopatric with other haplogroups, are island endemics and are likely to have been subject to repeated population bottlenecks. These data suggest that substantial genetic drift may have occurred in these island populations. Sequencing and life-history trait studies have not investigated population subdivision within Pacific island populations of D. simulans. If wild flies with si I mtDNA are least fit in nature and the disruption of coadapted mitonuclear interactions decreases their fitness further (figure 1), how is the haplogroup maintained in nature? One possible explanation is that the haplogroup is protected from extinction by its linked Wolbachia infection. Approaching 100% of si I flies are infected with the virulent wHa strain, which causes high levels of incompatibility (James & Ballard 2000) , and migrating infected flies (and the young of females if they are already mated) are likely to be incompatible with flies on the islands. This protection is, however, likely to be incomplete. Field incompatibility levels are probably less than 100% and low numbers of Wolbachia-uninfected males harbouring si II mtDNA probably migrate onto the islands (for example, from California to Hawaii). In both cases, coadapted si I mitonuclear gene complexes are likely to be disrupted. Unless there is strong selection against such disruption it may only be a matter of time before the si I type is outcompeted on the Pacific islands, as has probably occurred on the Seychelles.
